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ARTICLE INFO ABSTRACT

Keywords: This paper deals with innovative renewable energy (RE) - powered seawater reverse osmosis (SWRO) plants
Tidal range plants based on tidal range/PhotoVoltaic (PV) systems as a hybrid technology with interesting prospects to promote the
Desalination

RE desalination at medium to large capacity ranges. Key features to enhance solar PV with tidal range energy are
the good temporary complementarity of both options and the predictable water production pattern that the tidal
range plant allows, along with ensuring water production at night. Once the basic sizing of a power plant referred
to a 20 MW turbine is conducted, the sensitivity analysis of main performance parameters of the hybrid solar/
tidal desalination system is carried out through yearly simulations. With this analysis, an extension of the
knowledge about the performance of hybrid tidal/solar desalination is gained in such a way that three useful
design criteria are derived from the results: i) total investment cost per unitary water production, ii) energy
consumed in desalination to total energy production, and iii) energy non-useful for desalination. Recommended
designs are provided under each of these three criteria for given yearly freshwater demand with SWRO plants of
3.5 and 4.8 kWh/m® of specific energy consumption. Results proves that off-grid SWRO desalination powered by
hybrid tidal/PV systems in a favorable location achieves actual water production of one half of nominal pro-
duction with adequate selection of design parameters. Recommended sizing of the energy generator for mini-
mizing capital costs corresponds to 20 MW tidal/25-27 MWp PV per 12 MW of SWRO consumption.
Additionally, in absence of realistic costs data, the recommended design criterion for the plant sizing relies on the
ratio of energy used by the desalination plant to that produced by the hybrid tidal/PV generator. Results at an
exemplary plant location show that 14.1 x 100 m3/y of fresh water obtained with desalination consumption of
3.5 kWh/m® needs 2.0 MW tidal/26.9 MWp PV. This energy system would produce 10 x 10® m®/y considering
4.8 kWh/m? of specific consumption.

Reverse osmosis
Hybrid tidal/photovoltaic systems
Solar desalination, design criteria

coupling of a tidal current turbine to the seawater intake pump that

Introduction

Ocean energy has been analysed for seawater desalination since the
last century, especially wave-driven systems as those reported by Crear
and Pritchard (1991) [1], Crear et al (1987) [2] and Douglas et al (1989)
[3]. However, such systems have been scarcely implemented in com-
parison to solar or wind-driven technologies. A thorough review of the
first pilot systems can be found in Garcia-Rodriguez (2001) [4]. Recent
related papers published mainly focus on wave and tidal current en-
ergies, according to the excellent review conducted by Bundschuh et al
(2021) [5]. It is worth noting that dedicated designs have been proposed
to improve energy efficiency of the desalination system namely, shaft
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exhibits interesting cost prospects [6], or the direct coupling of a wave
energy converter to the high-pressure pump of a SeaWater Reverse
Osmosis (SWRO) plant, such as the so-called Wave20™ [7]. The only
concept of direct coupling that has been extensively assessed consists in
the shaft connection of a tidal current turbine with horizontal axis and
the main pump of the SWRO system. Yang et al (2020)[8] studied the
coupling with piston pumps. Greco and Jarquin-Laguna (2018) [9] and
Chen at al (2019)[10] reported on system modelling whereas Ling at al
(2019) [11] and Zhao et al [12] focused on experimental research. On
the contrary, recent literature surveys carried out by the authors -
Delgado-Torres et al (2020) [13] and Delgado-Torres and Garcia-
Rodriguez [14] - show that few papers analyze the coupling of
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Nomenclature

Apasin Total basin area, m?

Agluice Total sluice gaste’s area, m?

D Turbine diameter, m

Ecuseless Yearly useless energy, J

Eesurplus  Yearly surplus energy, J

Eeuserul  Yearly useful energy, J

Ectotat  Total energy output of the hybrid plant, J

fe Electricity grid frequency, Hz

Gp Number of generator poles

Gpy Incident solar irradiance on the plane of the photovoltaic
array, W/m?

Hgea Tide level, m

Hpasin Basin level, m

H Available head, m

Hmin Minimum generation head, m

Hg Generation starting head, m

IC Total investment cost of the hybrid desalination system,
USD

Ictidal Unitary investment cost of the tidal range power plant,
USD/KkW

Icpy Unitary investment cost of the solar photovoltaic plant,
USD/KW,,

Icswro  Unitary investment cost of the desalination plant, USD/
(m*/d)

It Lifetime of the desalination plant, years

Qp Output capacity of the desalination plant, m®/h

Pepy Electrical power output of the solar photovoltaic plant, W

P.swro Electrical nominal power consumption of the desalination
plant, W

Pe tidal Electrical power output of the tidal range power plant, W

Pridalrated Power output rating of the tidal range power plant, W

Petotai  Electrical power output of the hybrid tidal range/solar
photovoltaic energy system, W
Peuseless Useless electrical power output, W

Pesurplus  Surplus electrical power output, W

Ppypeak Peak power of the photovoltaic plant

Vp Volume of fresh water produced over the lifetime of the
desalination plant, m®

Vpannuat  Annual volume of fresh water produced, m3/y

T Power availability factor

Ttidal Power availability factor computed only with tidal plant
power output

Tpy Power availability factor computed only with solar

photovoltaic plant power output

Tpvtidal Power availability factor of the hybrid system
At Time interval

Abbreviations

AC Alternative current

DC Direct current

IRENA International Renewable Energy Association
LCOE Levelised Cost Of Energy

NREL National Renewable Energy Laboratory

RO Reverse Osmosis

PV PhotoVoltaic

RE Renewable Energy

SAM System Advisor Model

SEC Specific Energy Consumption

SWRO  SeaWater Reverse Osmosis

Us United States

oD Zero — Dimensional

conventional tidal range power plants to SWRO desalination to become
a dual-purpose plant.Table 1..

Within this frame, this paper deals with the innovative SWRO
desalination based on the tidal range/PhotoVoltaic (PV) hybridization
proposed by the authors (Delgado-Torres et al, 2020) [13] — see Fig. 1 -.
In that work, the interesting prospects of this technology to promote

Table 1
Key papers for further development of tidal current-powered desalination.
Ocean energy Topic addressed Reference
Tidal current Experimental assessment of a tidal turbine [37]
Tidal current Experimental assessment of a tidal turbine [38]
Tidal current Optimized design of tidal turbines (blade design) [39]
Tidal current Optimized design of tidal turbines (blade [40]
number)
Tidal current Optimized design of tidal turbines (anti- [41]
cavitation)
Tidal current Modelling of a floating stream turbine [42]
Tidal current Assessment of resources and prospect in Malasya [43]
Tidal current Exploitation of resources at Tg Tuan coast [44]
Tidal current Exploitation potential at Manukau Harbour, New [45]
Zealand
Tidal current Exploitation in Indonesia [46]
Tidal current/ Feasibility study in Iran [47]
wave
Tidal current/ Experimental assessment of interactions [48]
wave
Tidal current/ Modelling of tidal turbine [49]
wave
Tidal current Techo-economic assessment [50]
/wind
Tidal current Modelling of tidal current-driven SWRO [51]
desalination

Renewable-Energy (RE) - powered desalination were justified although
no studies on the tidal range/PV hybridization have been conducted
before.

Main advantages of hybrid tidal/PV energy systems for driving me-
dium to large off-grid desalination plants in comparison to PV-powered
desalination are the following:

-Unforeseen days with nil water production are impossible since tidal
range resources are fully predictable. This allows to prevent periods with
lack of freshwater production by inexpensive water storage instead of
energy storage.

-The tidal plant allows a predictable water production pattern over
nights and daylight whereas solar PV plant powers the water production
mostly on daily and seasonal peak water demands. This results in a
significantly expanded time of operation of the desalination plant.

Those issues solve key problems which likely are, along with high
capital costs, the essential barriers for developing medium to large scale
desalination based on off-grid RE systems. Therefore, hybrid PV/tidal-
driven desalination should be explored in spite of the high costs of
tidal energy in comparison to competitive costs of PV energy currently
achieved. Estimations of electricity cost of 0.28-0.55 USD/kWh corre-
sponding to nominal power of the tidal range plant lower than 10 MW
are reported by Li et al (2018) [15], suitable to power nominal desali-
nation capacities up to 68.5x10% m3/d. Therefore, 0.28 USD/kWh could
be a reasonable estimation for medium to large capacity desalination in
a favorable location. Such a high cost is similar than that of PV tech-
nology in the recent past, since IRENA [16] reports a global LCOE of
utility-scale of 0.381 USD/kWh in 2010, which goes down to 0.057
USD/kWh (weighted average) in 2020.

The modeling approach of the tidal range/solar PV application to
SWRO desalination was presented by the authors [13]. One of the most
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Fig. 1. Basic scheme of the hybrid solar PV/tidal range desalination system.

interesting findings about this energy combination was demonstrated
with the quasi — dynamic simulation performed: the existence of days
along the year with an excellent temporal complementarity between the
tidal range and solar PV outputs. As an example, the freshwater pro-
duction with the hybrid energy system would extend up to 2.4 times
compared to any of both stand-alone plants. However, a comprehensive
technology assessment was out of the scope. Therefore, main objectives
of this paper are:

-the sensitivity analysis of different features of the energy systems as
a function of the size of the solar PV generator and the nominal power
consumption of the SWRO plant. A thorough optimization of the tidal
plant operation such as that reported by Xue et al (2020) [17] is out of
the aim of this paper.

-the preliminary design of a tidal range/solar PV desalination system
referred to a 20 MW tidal turbine through different design criteria
derived from the sensitivity analysis.

-the proposal of a design criteria for preliminary design purposes of
tidal range/PV-driven desalination systems.

To this end, the same location (Broome, Australia) is selected to
conduct this analysis due to its favorable tidal energy resources and
because empirical tidal range data are available too. However, some
qualitative results are considered not location-dependent. For further
analyses, refer to WorldTides (2022) [18] for prediction of tides around
the world and data of many tide stations and to Tidal Repository- Tidal
Software (2022) [19] for dedicated software. Besides, different types of
tidal range plants can be studied [20], being around 250 MW the largest
production of a tidal range power plant that consists of 10 hydraulic
turbines [21]. Therefore, a single turbine of this plant could drive a
nominal desalination capacity up to about 170,000 m>/d, being suitable
to consider hydraulic turbines within a range of 8-25 MW. Additionally,
hybrid energy systems minimize energy storage needs. As an exemplary
technology, desalination based on combining wave, tidal current, solar
and wind energies was proposed by Stuyfzand et al (2005) [22]. How-
ever, the conventional solution for discontinuous tidal energy is the
energy storage [23], that could be based on compressed air [24], fly-
wheels [25], supercapacitors [26], vanadium redox flow battery [25],
hydrogen [27], hydropower [28] and undersea pumped storage [29].
Gude (2018) [30] presents an excellent general review on energy stor-
age. Besides, Zakeri, and Syri [31] deal with the complementary aspect
of life cycle cost analysis.

Future works of the authors on tidal range/PV-driven desalination
will include other plant locations characterized in the literature as
Mexico [32], Europe or Chile [33], linked-basin [34] tidal range plants
in comparison to single-basin along with expanding desalination plant
availability by means of including a wind power generator [35]. Con-
cerning plant locations with limited tidal range resources, a key paper
for considering the desalination projects based on exploiting existing
resources is presented by Quaranta et al (2022) [36] dealing with very
low tidal turbines designed for heads lower than 4.5 m. This technology
could significantly develop medium to large capacity desalination by
matching desalination demands and exploitable resources. However,
policy barriers are expected in countries with no previous projects of
tidal range power plants. This is a key issue that should be thoroughly
studied.

On the other hand, desalination powered by tidal streams turbines is
the recommended research topic on ocean-driven desalination for
further development of small-medium capacity systems. The following
table show some key papers, including technical advances and inter-
esting potential locations along with studies on hybrid energy systems.

Finally, other complementary aspects to the system design rely on
life cycle analyses, thermoeconomics and combining exergy and envi-
ronmental point of views as the exemplary study reported by Shahbeig
et al (2022) [52]. Also the net-zero exergoeconomic concept [53] should
be investigated in sustainable desalination along with exergoenvir-
onmental maps as those presented by Rahnama et al [54].

Methodology

To enable the general analysis of desalination plants driven by
hybrid tidal/PV power generation, desalination capacity and peak
power of the solar PV field are calculated considering a single tidal
turbine with reasonable rated power. Therefore, the number of hy-
draulic turbines that will operate in parallel within the tidal plant can be
easily selected as a function of the annual freshwater demand.

A favorable plant location allows to carry out an adequate analysis
for preliminary design criteria of tidal/PV-driven desalination plants
since it is based on qualitative results. However, sizing of main com-
ponents significantly dependent on plant location and requires a case-
by-case study.

Concerning the solar PV system, the PVWatts model available in the
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System Advisor Model (SAM) developed by National Renewable Energy
Laboratory (NREL) generates the energy output of the solar PV plant
[55] per MWp installed. This is the solar input required by the dedicated
software that has been developed to perform the following stages of the
design analysis reported in this paper:

1. Selection of input parameters of the tidal range plant at a given
location for the selected tidal turbine.

2. Calculation of power production throughout the year of tidal and PV
generators along with combined production of the hybrid tidal/PV
plant as a function of rated power (peak power). This parameter has
been selected instead of the aperture area of the solar field in order to
avoid any reference to specks of the solar panel.

3. Calculation of freshwater production corresponding to the available
power output as a function of desalination plant capacity within a
selected range of specific energy consumption.

4. Analysis of different criteria for the preliminary design of both, the
solar PV field and the desalination plant corresponding to the rated
power of a single tidal turbine.

Calculation procedure
Tidal range and PV plants

Fig. 2 illustrates the principle of operation of the tidal range plant
considered. If the sea level is known (Hgq) the power output of the plant
can be computed for fixed values of the total sluice gates area (Agyice),
total basin area (Apgsin) along with starting head (Hy) and minimum
head (H;) of the tidal turbine. The detailed flowchart of the OD
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modeling approach implemented can be consulted in Delgado-Torres et
al (2020) [13]. Only one 20 MW tidal turbine is selected with the same
specifications of that of the Swansea Bay Lagoon project, reported by
Angeloudis and Falconer (2017) [56] (see Fig. 3). Therefore, a well -
documented hydraulic turbine is modelled to cover a desalination ca-
pacity range from medium to large by operating one or several turbines
in parallel. Power output and discharge flow curves computed with the
hill — chart method are presented in Fig. 3. It describes operation at

Turbine performance modelling with hill chart method
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Fig. 3. Performance of the tidal turbine computed with the hill — chart method.
Adapted from Delgado-Torres et al. (2020) [13] with permission.
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Fig. 2. Conceptual diagrams of operation modes and corresponding production in a tidal range power plant in ebb — mode. Adapted from Delgado-Torres et al.

(2020) [13] with permission.
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nominal power output if head (H) > 5 m as a result of the turbine
regulation capabilities. Refer to Song et al (2020) [57] and Ewing et al
(2020) [58] for additional details namely, fouling penalty and failure
rates respectively.

Table 2 summarizes input parameters of the solar/tidal range system
modelling, selected as described below. A basic sizing of a tidal range
power plant was performed studying the influence of the basin and total
sluice gate areas over the yearly energy output of the plant. For Apgsin
values between 2 and 5 km? there is a strong dependence of the yearly
energy output on Agyce for the range 100-200 m?, but the effect of this
parameter is much lower from 200 m? to 400 m?. As a result, 3 km? and
200 m? were selected as reasonable respective areas for the basin and
sluice gates since a detailed cost study to perform the best selection is out
of the aim of this paper. Besides, the starting head of the tidal turbine has
been individually analyzed to ensure that the value set in this study
optimizes the annual energy output of the tidal range power plant for the
given values of Apgin and Agyice- The input parameters and their fixed
values to run the model are also shown in Table 2. Hourly data of global
irradiance were calculated from the meteorological data of the station at
Broome airport obtained from [59].

Different time profiles that can be computed with the developed
model are depicted in Fig. 4 on an exemplary seven-day period at
Broome, Australia. In the first chart, the basin level goes up (filling
mode) whenever the sea level is higher than the basin level, decreases if
basin level is higher enough than sea level to allow the generating mode
and remain unchanged over intermediate periods. The second chart
depicts the available head (H = Hpgsin - Hgee) and the solar irradiance
(Gpy), showing slight overlapping of turbine and PV field operation in
the first days of the period.

Operation of the tidal/PV-driven desalination plant

Daily freshwater production from a given power generation profile
depends on nominal capacity and Specific Energy Consumption (SEC)
that ranges within 3.5-4.8 kWh/m® according to values reported for
several desalination plants in Australia [60]. As conventional industrial

Table 2

Input parameters of the energy system modelling namely, tidal turbine specifi-
cations, main tidal power plant parameters, solar resource information and solar
PV plant data.

Tidal turbine specifications

Turbine model Same as considered in Swansea bay Lagoon
project [56]
Turbine capacity 20 MW

Generator poles, G, 97

Turbine diameter, D 7.35m
Electricity grid frequency, f; 50 Hz
Turbine speed 61.9 rpm
Tidal system information

Basin area, Apgsin 3 km?
Sluice area, Agyice 200 m?
Starting head, Hy, 2m
Minimum head, Hy;, 1m

Solar resource information

Annual global horizontal
irradiation

Annual direct normal irradiation

Annual diffuse horizontal

2292 kWh/m?

2544 kWh/m?
554.8 kWh/m?

irradiation
Solar PV plant information
Module type Standard (crystalline Silicon)
Approximate Nominal Efficiency  17%
Module cover Glass
Temperature coefficient —0.47%/°C
DC to AC ratio 1.2
Inverter efficiency 96%
Array type and tilt Fixed open rack, 18°
Azimuth 0° (North oriented)

Total system losses 14.08%
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plants, the SWRO system only operates at full capacity. Thus, a fixed
nominal SEC is considered in the analysis performed. Quantitative re-
sults obtained in this paper are referred to 20 MW of tidal range power
installed. Therefore, higher freshwater demands will be easily studied by
means of parallel operation of several tidal turbines comprising the full
tidal range plant with associated areas of basin and sluice gates along
with corresponding peak power of the PV field and desalination pro-
duction per each tidal turbine.

Two examples selected in this section show how the values of
nominal power consumption of the desalination plant and the size of the
solar PV generator (expressed by means of its peak power value, Ppy peak)
can affect the production period of water and, definitively, its annual
quantity and temporal availability. For this reason, a sensitivity analysis
should be performed to understand the performance of the hybrid
desalination plant and derive design criteria for off-grid desalination
plants.

An example of low tidal/solar overlapping corresponding to the
summer of Broome in a spring tide period is shown in Fig. 5 where, as
expected, the tidal power plant reaches its maximum power output (20
MW). The complementarity of the tidal and solar outputs is observed
since the solar PV production is centered between the two semidiurnal
tides (see the case of 24 December). However, the production period of
the SWRO plant - and hence the freshwater production - strongly de-
pends on the size of the solar PV generator. In this example the operating
time of the SWRO plant at full load from 24th to 26th December would
be 27.9 h with a 15 MW, generator and 47.1 h with the 30 MW}, one.

The energy not usable for water production is also highlighted in the
Fig. 5. Surplus power P, g is given by the difference between the
power output of the hybrid plant and the nominal power consumption of
the SWRO plant. On the other hand, useless power corresponds to power
production lower than this power consumption. The effect of the size of
the solar PV generator on the useless energy is clearly observed as fol-
lows. For the 15 MW, generator, a significant portion of the solar PV
energy produced around solar noon could not be consumed by the 15
MW SWRO plant. However, the energy produced would be consumed for
desalination if a 30 MW, PV generator is considered. In this exemplary
period, the useless energy would decrease from 299 MWh to 104 MWh
when the solar PV generator grows form 15 MW, to 30 MW,,. The sur-
plus energy exhibits the opposite trend, increasing from 130 MWh to
265 MWh.

To show the variety of situations that may arise throughout the year
the case of a neap tide period without good complementarity between
solar and tidal plants generation profiles is presented in Fig. 6. In this
case the tidal power plant does not reach its maximum power output
level at any time (20 MW) and the low temporal complementarity of
both resources decreases with time. In fact, the maximum solar PV and
tidal production are almost coincidental in time for January 11st.
Consequently, there is a high penalty in the period of freshwater pro-
duction since the energy produced by the tidal power plant in one of the
two semidiurnal tides would not be consumed. In this case, growing the
size of the solar PV plant implies an increasing of the freshwater pro-
duction period but the energy output of the tidal plant would still not be
consumed. Besides, the tidal range power generated after sunset be-
comes useless whatever the size of the PV generator. In addition, the
surplus energy of the three days period is almost zero with the 15 MWp
generator. Finally, when the Ppy peqx grows up to 30 MW, the expected
increase of the freshwater production is observed but also an increase in
the surplus energy, mainly for the days with good radiation levels
(January 10th and 11st). Next subsections describe the selected per-
formance parameters of the SWRO desalination plant powered by the
solar/tidal range power plant.

Power availability factor

The power availability factor (t) was defined by the authors -
Delgado-Torres et al (2020) [13] - to quantify the period of time during
which the power demand of the reverse osmosis plant (P, swro) can be
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Results for Hyin=1.0 m; H:=2.0 m;
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Agpuice = 200.0 M?; Apasin = 3.0 km? ; Time period: 13-March/26-March

== Hes = Hoasin

\
' ! | o, 1.0
‘l ' : \ 5y {
A i y r ) Py 3 10.8 5
—_ ‘l “ \ 1 ] H ]’ L =~
£ | il i N 1oy 14 1063
T i ! ' . no A oy =
! \ ) 1 g h H AW ) 104 3
: : '! \ " { i ]' i \ (G}
o ARk ) ! i AN i/ {02
K 1 { 1 f o s \ 1
h J 1 K Jl ) j AW, ) |L f ’l ) 0.0
1884 1908 1932 1956 1980 2004 2028 ’
Time, t [h]

Fig. 4. Description of the hybrid tidal range/PV system operation in Broome, Australia.

Agpiice = 200.0 m? ; Apasin = 3.0 km? ; Hpin = 1.0 m ; Hee = 2.0 m ; Time period: 24-Dec/26-Dec

Tidal generator capacity: 20 MW ; n; =1 ; SWRO nominal consumption: 15 MW
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Fig. 5. Power output of the tidal, solar PV and hybrid plant and operation profile of the SWRO plant. Case: spring tide period in summer at Broome.

supplied by the power plant. In this study, the desalination plant oper-
ates only at full load, so this parameter corresponds to the capacity
factor of the RE-powered desalination system and the availability of the
desalination plant. Design decisions such us the potential use of energy

backup would be based on this parameter, given by eq.1 in a yearly
basis:

A4(Pe; > Peswro) 1]

%(Pesro) = 8760h

(@)
where j = tidal, PV or PV/tidal for each of the three possibilities
respectively: only the tidal plant in operation, only solar PV plant and
hybrid solar PV/tidal plant. In the equation above Atg;4y, Atpy and
Atpy/idq are the total periods of time throughout the year, expressed in
hours, during which the power output is equal to or greater than P, swro

with ezach option and P, py/sda = Peidat +Pepv = Petorar in the hybrid
case.

Surplus and useless energy

Useless energy output (E, ,ess) is relevant concerning decisions on
installing batteries to expand the operation of the desalination plant.
Moderate size of the batteries should be enough, and they would play an
important role in the overall system avoiding effects of solar transient as
much as permitting an early startup of the desalination plant. Final
decisions on this regard correspond to the detailed cost analysis of the
hybrid tidal/PV desalination system. Surplus energy (Ee gmpius) is a key
parameter in adopting decisions in relation to the possible grid
connection — if any - in order to sell the surplus energy. It should be
noticed that surplus energy attributable to the solar PV system is
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Asice = 200.0 m? ; Apagin = 3.0 km? ; Hpin=1.
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0 m; Hg=2.0 m; Time period: 9-Jan/11-Jan

Tidal generator capacity: 20 MW ; n; =1 ; SWRO nominal consumption: 15 MW
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Fig. 6. Power output of the tidal, solar PV and hybrid plants and operation profile of the SWRO plant. No batteries are considered. Case: neap tide period in summer

at Broome.

generated at demand peaks and the tidal plant production is fully pre-
dictable. In case of no batteries installed both, useless and surplus energy
could be sold. If E, ;o is the total energy output of the hybrid plant, the
total energy not usable by the SWRO plant corresponds to the following
equation:

(Eesurptus + Eecusetess) = (Ee torat — Tpv/ridar ® 87601 ® P, swro) 2

Once the quasi — dynamic yearly simulation is performed the yearly
useless energy in Equation (2) corresponds to eq.3:

8760

mm:/“mm meAt ()

0

where Pe,useless,i = Pe.toml,i if Pe,mml.i < Pe‘SWRO; otherwise Pe,useless.i =
0 MW. Besides, the yearly surplus energy is given by eq.4:

8760

E, surptus = / e surplus Al = ZP e surplus,i* AT “4)
0

where Pe‘sumlus,i = (Pe.total‘i _Pe,SWRO) if Pe,toml.i > Pe,SWRO’ otherwise
Pe,surplm.i =0MW.

Unitary investment cost

Because the high investment costs are a limiting factor in the
development of medium- to large-capacity desalination systems, the
prospect of a minimum investment cost per unit of desalinated water
volume seems a reasonable criteria for final recommendations of design
parameters of the hybrid desalination system in a specific location.

The total investment cost of the hybrid desalination system (IC) is
expressed as the sum of the investment costs of the three main sub-
systems (tidal range, solar PV and SWRO desalination plants) computed
from their respective unitary investment costs, Ic;qq, Icpy and Icsyro as
follows (eq.5):

IC = Iciigar Pridal,rated + 1¢pvPpy peak + Icswro*Op )

where Q, is the SWRO desalination plant nominal capacity. The total
volume of freshwater production over a lifetime It is (eq.6):

V, = It ® Tpysiqu © 87600 /y © O, 6)

From egs. 5-6, the specific unitary investment cost is calculated by
means of eq.7:

IC Piidat rated Ppy peak P, swro
) = (T gy PV e, 7
(Vp> ( Ciidal v, Cpy v, + Icswro* SEC-V, @

Operating assessment: Results and discussion

Some operating parameters are studied in this section to identify
those that exhibit a maximum or minimum to become a potential
parameter to optimize the preliminary design. Parameters analyzed
comprise power availability factor, useless and surplus energy and
unitary investment costs as described in the following subsections.

Analysis of power availability factor

The evolution of 7,44 and 7py as a function of the nominal con-
sumption of the SWRO plant is shown in Fig. 7, thus comparing tidal
range/SWRO to PV/SWRO technologies referred to the rated power of
the energy system and the nominal consumption of the SWRO plant. The
T44q €xhibits an approximately linear decrease and it falls to zero when
P, swro is equal to the maximum capacity of the tidal turbine (20 MW).
On the other hand, since 7py values are computed after a quasi-dynamic
yearly simulation of the plant, this factor is null from P,swro values
below the peak power of the PV generator because peak conditions are
achieved on a very low frequency throughout the year. For instance,
7py = 0% for P swro = 12 MW andP, swro = 16 MW when Ppy peq = 15
MW and Ppy peak = 20 MW respectively. The case of Ppypeqx = 29 MW
would correspond to a solar PV plant with the same 7py value (7%) at the
same maximum power level of the tidal range plant. These quantitative
results of Fig. 7 are site - dependent through the solar and tidal resources
but the qualitative result can be considered as general.

In addition, the performance of the SWRO desalination plant pow-
ered by the hybrid tidal range/solar system is analyzed by means of
Fig. 8 as follows. The contour plot of 7pysgq is shown in Fig. 8 over-
lapped with the color contour plot of zpy. Within the intervals of study,
Tpy/iidat MAY reach the value of 66% by selecting small desalination plant
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Astice = 200.0 m?; Apasio = 3.0 km?
Hpmin = 1.0 m; Hye = 2.0 m; Tidal generator capacity: 20 MW ; ny=1
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Power availability factor, T(Pe, swro)[%]
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Fig. 7. Power availability factor of the 20 MW tidal range/SWRO plant and
three different solar PV/SWRO plants as a function of P, gwro-

Asice =200.0 m? ; Apasin=3.0 km? ; Hpin=1.0m ; Hx=2.0 m
Tidal generator capacity: 20 MW ; n;=1
Power availability factors: ey [%] and Teytigar [%]
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Power availability factor of the only solar PV plant, Tey [%]
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Peak power of the solar PV plant, Ppy, peax [MW] — Toutige [%]

Fig. 8. Power availability factor of the hybrid and only solar PV powered
SWRO plant.

and large PV generator. For any fixed value of P, swro a narrow interval
of Ppypeqk values where a rapid growth of 7py 4 Occurs is observed.
Moreover, a secondary - but also interesting - result is the asymptotic
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nature of 7py/gq With respect to the size of the solar PV generator for
Ppy peak Values beyond the mentioned narrow interval.

The benefit of the solar PV/tidal combination can be also appreciated
in Table 3. Some numerical values of 7py and 7py iqq are given, including
the values of Ppy peqx that yield zpy = 1%. This means approximately the
minimum peak power of the solar field that can drive the SWRO desa-
lination plant. 7,44 is also provided for each of the nominal SWRO
consumption values. This factor grows along with the size of the SWRO
plant. Regarding the improvement over the purely photovoltaic option,
the hybridization leads to an effective use of the energy produced by the
photovoltaic plant since values of 7py/qq between 7.3% and 41% are
possible in the region where 7py = 0 — see first column of Table 3 -.
Exemplary results for 10 MW of SWRO nominal consumption are given
in the third row. As an additional result, 7py remains below 0.1% up to a
value of the size of the PV generator of 12.4 MW for a nominal load of
the SWRO of 10 MW and a power availability factor of 32%.

Therefore, the benefits of the hybrid energy system are clear. Indeed,
a desalination plant with a nominal power consumption higher than the
maximum capacity of the tidal range power plant and, thus, with 7444 =
0% could be powered by the hybrid plant even with a solar PV generator
which would yield zpy = 0% too.

The rule of the direct sum 7py jigq = Tpv +7sda is not fulfilled, being
this aspect a good measure of the temporal complementarity of both
solar PV and tidal range technologies. To quantify this complementarity
the ratio of 7py/ga to (Tpy +74da) Was computed (see Fig. 9). This ratio
quantifies the advantages of the hybridization over the operation of the
two subsystems independently. As can be observed, for a fixed nominal
load of the SWRO plant there is a specific size of the solar PV plant that
maximizes this ratio. This maximum will be characterized in the next

Astuice = 200.0 m? ; Apasin=3.0 km? ; Hpin=1.0 m ; Hx=2.0 m
Tidal generator capacity: 20 MW ; n,=1
(Tevpidall (Tidal + Tpv))
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Fig. 9. Analysis of the benefits of hybrid energy system in SWRO desalination
in terms of the ratio Tpy/iga t0 Tpv + Tidal-

Table 3

Annual power availability factors. Agyice = 200 m?, Apasin = 3.0 km?, Hpin = 1 m and Hy, = 2 m. Values in the table correspond to tpy [%]/Tpy g [%].
Peswro [MW] Tiidat [%] Ppy peak [MW]

5 6.7 13.3 20 26.7 35 50

20 6.0 0.0/7.3 0.0/7.5 0.0/9.0 0.0/12.2 1.0/17.9 17.7/31.7 27.1/38.5
15 14.6 0.0/16.0 0.0/16.7 0.0/19.9 1.0/25.2 18.4/38.8 25.7/43.7 31.7/47.3
10 25.0 0.0/27.2 0.0/28.3 1.0/33.2 22.0/48.3 28.3/51.9 32.3/54.2 36.1/56.3
5 38.1 0.0/40.8 1.0/42.4 28.3/59.9 34.0/62.8 36.7/64.0 38.7/64.9 40.9/65.7
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section. Finally, for low P.swro and high Ppy,.q there will be no
advantage of the hybrid system.

Analysis of useless and surplus energy

The yearly values of surplus, useless and useful energy for desali-
nation are depicted in Fig. 10. Since P, swro is fixed, E, ussq €xhibits the
same dependence on Ppy peqr as the power availability factor shown in
Fig. 8. Therefore, a rapid increase is observed from Ppy peqk = 19 MW and
this growth is continuous as the size of the generator rises, although the
rate at which this happens gradually decreases for high values of the
peak power. In Fig. 10, E s grows from 31 GWh to 44 GWh when
Ppy peak Tises from 19 to 23 MW and from 59 GWh to 60 GWh if Ppy peqx
rises from 39 MW to 43 MW approximately. Since the total energy
output of the hybrid plant grows linearly with the size of the solar PV
generator, the trend of E, sy gives rise to a maximum in the E, e to
E, 1ot Tatio, which implies the best relative use of the energy produced
by the hybrid plant for desalination. This maximum exists within the
entire interval of P, swro selected for this study (see Fig. 11). Optimal
values of (E, usefur/Eetoal) between 39% and 55% can be attained with the
20 MW tidal hybrid plant for nominal consumptions of the SWRO plant
between 5 MW and 20 MW. The absolute maximum of 54.8% is
observed for P, swro = 14.6 MW when Ppy peqx = 28.4 MW.

Regarding the useless energy in Fig. 10 (E,yseless), it grows until
Ppy peak is slightly higher than the nominal value of power consumed by
the desalination plant. This increase is due to the growth of the energy
output of the solar generator as its size increases, but also because it is
not capable of making a significant contribution to the energy useful for
desalination. Above a certain value of Ppype (around 19 MW in
Fig. 10), the photovoltaic plant starts its significant contribution to the
energy useful for desalination thanks to its combination with the tidal
range power plant. This implies a gradual reduction of the energy that
cannot be consumed by the desalination plant (useless energy). The
observed result in Fig. 10 for P, swro = 15 MW is found whatever the size
of the SWRO plant.

Under a conventional operation mode of the SWRO plant the yearly
non-useful energy output of the hybrid plant for seawater desalination

Asiuice = 200.0 m?; Apasin = 3.0 km? ; n;=1
Hmin=1.0 m; Hst = 2.0 m; Tidal generator capacity: 20 MW
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Fig. 10. Yearly surplus, useless and useful energy as a function of the size of

solar PV plant for a fixed value of the SWRO nominal power consumption
(Peswro = 15 MW).
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Astuice = 200.0 me; Apasin = 3.0 km? ; Hmin=1.0m; Hse=2.0m
Tidal generator capacity: 20 MW ; n;=1
Useful to total energy output, (Ee, usefui/Ee, totar) [%]
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Fig. 11. Ratio E.yefu to Eejow Wwithin the range of P.swro from 5 MW to
20 MW.

would be the sum of (E¢ yseiess + Ee surpius)- This sum is dominated by the
useless energy contribution in the low Ppy ,.q range and by the surplus
energy contribution for high Ppy .. values (see Fig. 10). From the value
of Ppy peqk at which the solar PV plant increases its contribution to the
desalination process, the opposite trends of E yeless and Ee supius yield a
minimum in their sum (around Ppy pesx = 25 MW in the example). This
result is found in the entire P, swro interval of this study as it is shown in
Fig. 12 where the existence of an absolute minimum of
(Ee,useless +Ee surplus) can be appreciated.

Asjuice = 200.0 m? ; Apasin=3.0 km? ; Hpin=1.0 m ; Hy=2.0 m
Tidal generator capacity: 20 MW ; n;=1
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Fig. 12. Unused energy output (surplus + useless) energy output of the hybrid
plant as a function of the size of the PV generator and the nominal power
consumption of the RO desalination.
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Analysis based on unitary investment cost

This section proposes a design criterion for the hybrid desalination
plant based on simple economic input data without requiring a full set of
economic and financial parameters of the plant scenario. The unitary
investment cost estimation (IC/V},) of the hybrid desalination plant is
shown in Fig. 13 a) and b) as a function of the size of the PV generator
along with the three different unitary costs associated with the tidal,
solar PV and SWRO desalination. For utility-scale solar PV plants a value
of 1061 USD/KW for Australia was assumed according to IRENA [16].
Besides that, an average of 500 USD/kW was considered for tidal range
power plants considering the same source [61] in relation to projects
planned in 2014. Both figures correspond to SWRO plants with the same
nominal power consumption of 12 MW, but a SEC of 3.5 kWh/m®
(nominal capacity of 82,286 m3/d) in figure a) and a SEC of 4.8 kWh,/m?
(nominal capacity of 60,000 m/d) in figure b. The yearly volume of
fresh water produced (Vp,gnnuat, right y - axis) is also shown in the figure.

Since V}, ganua is directly proportional to the power availability factor
(Tpv/tidat)> @ continuous reduction of (IC;4q/V)) is observed because its
investment cost is initially fixed when the nominal power of the tidal
generator is set (20 MW). The situation is analogous in the case of
(ICswro/Vp). The greater use of the energy produced by the solar PV
plant for desalination is evident in the significant decrease of the latter.
However, the effect of Ppy e on (ICpy/V),) is the opposite of the pre-
vious two, in general, which is explained by the increase of the surplus
energy with the size of the PV generator. This growing tendency of
(ICpy/Vp) produces the minimum in the unitary investment cost (IC/V}).
This optimal point corresponds to a value of Ppy peqx that slightly depends
on SEC - Ppy peqk = 29.3 MW and 27.9 MW for SEC = 3.5 kWh/m® and
4.8 kWh/m? respectively - with IC/ V, values of 0.61 USD/m® and 0.68
USD/m®, also respectively. Additional interesting results are also
observed in Fig. 13. Firstly, the rise in the contribution of the solar PV
plant to the production of useful energy for desalination has a significant
effect on the unit cost of the SWRO plant. Secondly, the contribution of
the desalination plant to the total unitary investment cost is the highest
of the three contributions and the contribution of the tidal plant is the
lowest. To generalize the results of Fig. 13, the contour graph of IC/V, is
shown in Fig. 14 for the case of SEC = 3.5 kWh/m®. As can be seen, the
decrease already discussed of IC/V, is present for any value of the
nominal power consumption of the desalination plant. Analogous results

Astuice =200 M?; Apasin = 3 km? ; Hpmin=1m; Hse=2 m
Tidal generator capacity: 20 MW ; ny =1 ; ICtigay = 500 USD/KW
Icpy = 1061 USD/KW ; Icswro = 1100 USD/(m?/d)
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Asiuice = 200.0 m? ; Apasin=3.0 km? ; Hpin=1.0 m ; Hy =2.0 m
Tidal generator capacity: 20 MW ; n;= 1 ; ICtjgas = 500 USD/KW
I§6V= 1061 USD/KW ; Icswro = 1100 USD/(m3/d) ; SEC = 3.5 kWh/m?3
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Fig. 14. Total unitary investment cost of the hybrid driven desalination plant -
SEC = 3.5 kWh/m>-.

are obtained for SEC = 4.8 kWh/m®. Finally, Fig. 15 shows similar
recommended sizing regardless the SEC and corresponding IC/V,
values.

Discussion on design criteria

The size of the solar PV generator at optimal values of (E, ysefess +
Ee,swpllls)a (Ee‘useful/Ee‘tutal): (IC/VP) and TPV/a'dul/(TPV + Ttidal) as a function
of the nominal power consumption of the SWRO plant is given in
Fig. 16a, showing also the corresponding nominal capacity scale. Results
were obtained for SEC of 3.5 kWh/m?. The yearly freshwater production
and the unitary investment cost are also depicted in the Fig. 16b. From
the qualitative point of view, these results are independent of the SWRO
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Tidal generator capacity: 20 MW ; ny =1 ; ICtigas = 500 USD/KW
Icpy = 1061 USD/KW ; Icswro = 1100 USD/(m3/d)
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Fig. 13. Results for desalination power consumption of 12 MW: a) SEC = 3.5 kWh/m® and b) SEC = 4.8 kWh/m®.
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Fig. 15. Total unitary investment cost and recommended PV field within the
range of SEC from 3.5 kWh/m® to 4.8 kWh/m®.

plant’s efficiency since same trends are observed for a SEC of 4.8 kWh/
m°.

As a general comparative trend among the four design criteria for a
fixed desalination capacity - and hence investment cost of the desali-
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nation plant -, the larger the size of the solar PV generator, the lower the
unitary investment cost. This result is due to the higher number of
operating hours of the desalination plant (higher 7py,qq, see Fig. 8) and
higher freshwater production.

Regarding each criterion, the maximum-time complementarity cri-
terion implies, by far, the highest unit investment cost, which justifies
that this criterion should be discarded. Moreover, for the same SWRO
plant’s capacity a maximum use of its total energy output would produce
more fresh water than the plant designed under the two other operating
criteria and achieving unit capital cost close to the minimum possible. If
the minimization of the non-useful energy were the goal a higher unitary
investment cost is observed.

For a given nominal capacity of the SWRO plant, minimizing IC/V,
leads to higher PV field size than those corresponding to other design
criteria due to the dominant contribution of the desalination cost in
comparison to the PV field. This behavior increases with the nominal
capacity of the desalination plant, which is attributable to the low power
availability achieved as the nominal desalination consumption in-
creases, thus resulting in long periods with nil water production. How-
ever, dedicated designs could be adopted in order to fit the power curve
demand to the power outputs such as those developed for wind or solar
PV-driven desalination, reported by Subiela et al (2020) [62] who also
published an economic assessment of configuration analysed [63].

The above results are numerically illustrated in Table 4 where the
comparison for the same amount of freshwater produced is made. For
the reasons indicated above, the maximum-time complementarity cri-
terion is not presented. As can be seen, achieving the minimum unit cost
implies reducing the size of the SWRO plant despite the need for a larger
PV generator. In fact, this increase also implies a greater amount of
energy not usable by the plant for desalination, which is around 10%
more than for the criterion of minimum unusable energy.

Conclusions
Analyses conducted within the framework of this paper proves that

off-grid SWRO desalination powered by hybrid tidal/PV systems in a
favorable location achieves actual water production of one half of

Astuice =200 m?; Apasin =3 km? ; Hpin=1m; Hgg=2 m
Tidal generator capacity: 20 MW ; ny =1 ; ICtigas = 500 USD/KW
Icpy = 1061 USD/KW ; Icswro = 1100 USD/(m3/d)
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Table 4

Design selection for three different design criteria.
SEC [kWh/m?] 3,5
Water production, Vp annuat [10° m®/y] 8,5

Design criterion Min. (Eeusetess + Eesurplus)

Max. (Ee usefur/Ee,totar)

4,8
8,5

Min. IC/Vp)  Min. (Eeuseless + Eesuptus) ~ Max. (Eeusefut/Eeor) ~ Min. (IC/Vp)

Nominal SWRO capacity [m®/d] 48,600 43,700 41,400 56,300 49,100 45,900
Nominal desalination consumption [MW] 7,09 6,37 6,04 11,26 9,82 9,18
PV generator [MW] 11,45 12,35 13,85 18,15 18,55 20,05
Total energy output [GWh/y] 66,3 67,9 70,6 78,2 78,9 82
Power availability factor, 48,0% 53,3% 56,3% 41,4% 47,5% 50,8%
Useful energy output [GWh/y] 29,8 29,8 29,8 40,8 40,8 40,8
Surplus energy [GWh/y] 27,4 31,9 35,8 19,7 25,9 30,9
Useless energy [GWh/y] 9,1 6,2 4,9 17,7 12,2 9,9
Unuseful energy [GWh/y] 36,5 38,1 40,8 37,4 38,1 40,8
Unitary investment cost 15 y - [USD/m?] 0,59 0,56 0,55 0,71 0,66 0,64
nominal production with adequate selection of design parameters. Acknowledgements

At Broome, the energy production of 20 MW of tidal range plant is
similar to that of 25 MWp of solar PV plant. Table 3 summarizes the most
relevant parameters concerning the preliminary design of a desalination
system based on 20 MW of tidal power installed. Moreover, Fig. 15 allow
to find designs with minimum (IC/V}) for a given annual water demand
as a function of the nominal power of the desalination plant for each
tidal turbine of 20 MW of rated power. Besides, Fig. 14 depicts recom-
mended designs referred to a 20 MW tidal range turbine. As an exem-
plary case, considering 12 MW of nominal desalination consumption for
20 MW of tidal generator, it brings a minimum investment cost per m>
produced corresponding to a value of Ppy e that slightly depends on
SEC. This minimum is reached at Ppy peqx of 26.9 MW and 24.9 MW for
respective SEC values of 3.5 kWh/m® and 4.8 kWh/m®>. Respective
values of unitary investment costs are 0.67 USD/m? and 0.76 USD/m°.
Obviously, the lower the efficiency of the SWRO plant, the higher the
unitary investment cost because less fresh water is produced by the
hybrid desalination system: 14.1 x 10° m/y for a SEC of 3.5 kWh/m®
and 10x10° m3/y if SEC is 4.8 kWh/m?.

In addition to the economic point of view, other useful design criteria
based on operating parameters have been analysed in order to show a
holistic description of the system design. Power availability factor,
surplus, useless and useful energy outputs of the system have been
analysed as a function of the size of the solar PV generator and the
nominal power consumption of the SWRO plant. The analysis performed
confirms that the maximum (E, ysefui/Ee rora1) i @ suitable design criterion
if a thorough cost assessment is not possible. In order to generalize this
recommended criterion to any plant location, the corresponding
assessment should be carried out covering a number of locations.

Expected range of investment costs of this technology in favorable
locations are assessed per m® of water production considering that the
desalination plant only operates at full capacity. Estimations of water
costs require a case-by-case analysis based on considering the specific
scenario of energy resources, economic and financial parameters along
with optimized design and operation strategy of the desalination plant,
which is out of the aim of this paper.
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